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Abstract — Multiscale and multiphysics applications are be- 
coming increasingly common, and many researchers focus on 
combining existing models to construct combined multiscale 
models. Here we present a concise review of multiscale appli- 
cations and their source communities. We assess and compare 
the methods they use to construct their multiscale models 
and we characterize areas where inter-disciplinary multiscale 
collaboration could be particularly beneficial. We conclude 
that multiscale computing has become increasingly popular in 
recent years, that different communities adopt very different 
organizational approaches, and that simulations on a length 
scale of a few metres and a time scale of a few hours can be 
found in many of the multiscale research domains. Sharing 
multiscale methods specifically geared towards these scales 
between communities may therefore be particularly beneficial. 

Keywords -multiscale computing; application review; multi- 
scale software; multiscale communities 

I. Introduction 

Many physical problems we seek to understand nowadays 
are complex in nature, and consist of separate physical pro- 
cesses that each contribute to the problem as a whole. These 
processes, for example in biology the interactions between 
binding molecules or the dynamics occuring at the cellular 
level, each take place on a specific space scale or time scale. 
For example, the interactions between molecules typically 
take place on a space scale of several nanometers and a time 
scale of a number of nanoseconds. However, to model the 
interactions on the cellular level will require a considerably 
larger space and time scale. Historically many problems 
were investigated by modeling or simulating a physical 
process in isolation, and from the outcome of that exercise, 
determine its contribution to the overall (complex) physical 
problem. In the last two decades a new approach has become 
increasingly widespread, where researchers construct models 
and simulations that capture multiple physical processes, 
each of which is represented as a submodel, operates on 
a different space or time scale and has the potential to 
influence other processes. This approach is now known as 
multiscale modelling or multiscale simulation. Within this 
article we use the term multiscale modelling to refer to 
both the multiscale modelling and simulation of physical 
problems, and the term multiscale application to refer to the 
program used to do the modelling. In turn, we use the term 
subcode to refer to the implementations of each submodel. 



A. Multiphysics modelling 

When a model captures multiple physical processes, and 
each of these processes capture a different type of physics, 
it is commonly referred to as multiphysics modelling or 
multiphysics simulation. For example, a model of a star 
cluster that resolves Newtonian gravitational interactions 
using one submodel and the aging of stars using another 
submodel is considered to be a multiphysics submodel, 
even if these models were (hypothetically) to operate on 
the same space and time scale. However, a star cluster 
model that uses two different submodels for the Newtonian 
gravitational interaction of stars is generally not considered 
to be multiphysics, even when these models may be applied 
on a different space or time scale. 

Multiscale and multiphysics modelling are therefore two 
different concepts, but they do have one prime commonality 
in both cases the models consist of a number of submodels 
which have been combined (or coupled). A major challenge 
in multiscale as well as multiphysics modelling lies in 
coupling these submodels such that the overall model is 
both accurate enough to be scientifically relevant and repro- 
ducible, and efficient enough to be executed conveniently by 
modern compute resources. 

B. Multiscale and multiphysics applications 

Multiscale and multiphysics applications are present in a 
wide range of scientific and engineering communities. By its 
nature, multiscale modeling is highly interdisciplinary, with 
developments occurring independently across research do- 
mains. Here we review a range of multiscale applications and 
communities that reside within different scientific domains. 
We describe several major projects for each domain and 
present the results of our investigation on the popularity of 
multiscale simulation and modeling. We find that multiscale 
methods are adopted in hundreds of projects both in the EU 
and US, and that the popularity of multiscale simulation and 
modeling has increased considerably in recent years. 

We also illustrate approaches to construct multiscale sim- 
ulations in different scientific domains, and compare some 
of the characteristics of the multiscale communities in these 
domains. Additionally, we present a comparison between 
coupling frameworks, and point out potential areas where 



interdisciplinary collaborations would be particularly bene- 
ficial. Within this survey we cover major areas of multiscale 
simulation and modeling activities, but this review is by no 
means exhaustive. For readability reasons we provide only a 
limited number of references here. However, a full literature 
list is available as a web-based supplement for those who 
wish to delve more deeply into the work performed by the 
various multiscale simulation and modeling communities. 

C. Related work 

Aside from numerous publications, project websites 
and domain-specific reviews, we have identified a few 
sources which provide information on multiscale simula- 
tions in various scientific domains. One such source of 
information is the Journal of Multiscale Modeling and 
Simulation (epubs.siam.org/mms), which defines itself as 
an interdisciplinary journal focusing on the fundamental 
modeling and computational principles underlying various 
multiscale methods. The Journal of Multiscale Modeling 
(www.worldscinet.com/jmm/) is also targeted at multiscale 
modeling in general. There are also several books which 
present multiscale research in a range of domains Q), 
GJ, as well as dozens of multiscale modeling work- 
shops such as the Multiscale Materials Meeting confer- 
ence (www.mrs.org.sg/mmm2012) or the Distributed Multi- 
scale Computing (www.computationalscience.nl/dmc2011/). 
In addition, an investigation on the modeling aspects of 
multiscale simulations, emphasizing simulations using Cel- 
lular Automata, is provided in (3). Many of the model 
classifications in this work can be reused for multiscale 
problems in other areas of science. 

II. Overview of multiscale communities 
A. Astrophysics 

Astrophysics is a scientific domain which features a 
multitude of active multiscale projects. Due to the inherently 
large size and complex nature of many astrophysical prob- 
lems, incorporating of multiple scales and multiple types of 
physics allows researchers to more accurately model a wide 
range of astrophysical phenomena. As a result, researchers 
developed multiscale codes in fields such as cosmology J4), 
star cluster dynamics (0, (6), thermonuclear supernovae Q 
and modeling space weather J8). 

Perhaps the largest and most versatile multiscale frame- 
work currently in use in astrophysics is the Astro- 
physical Multipurpose Software Environment (AMUSE, 
www.amusecode.org). The aim of AMUSE [9|, as a suc- 
cessor of the MUSE toolkit flOl . is to provide a software 
framework for multiscale astrophysical simulations. This 
framework connects existing (parallel) codes through a layer 
of Python and MPI to form coupled simulations. There 
are numerous astrophysical scenarios in which AMUSE has 
been applied, for example for coupling a gravitational N- 
body simulation with a stellar evolution code to model both 



the dynamical movements and the aging of the stars in a 
star cluster iflOl . 

The FLASH code ifTTI couples hydrodynamics with mag- 
netic fields and is applied to simulate the surfaces of compact 
stars such as white dwarves and neutron stars. The latest 
version, FLASH 4 fl2l . consists of inter-operable modules 
that can be combined to generate different applications. 
The FLASH architecture allows an arbitrary number of 
alternative implementations of its components to co-exist 
and be interchanged with each other, which results in greater 
flexibility. Furthermore, a simple and elegant mechanism 
exists for customization of code functionality without the 
need to modify the core implementation of each component. 

B. Biology 

Biological systems span many orders of magnitude 
through the length and time scales in a continuous way, 
from the smallest molecular scale up to the whole body. 
The sequence from the genome, proteome, metabolome, 
physiome to health comprises multi-scale systems biology of 
the most ambitious kind Oil, El, El, ED, El. Schnell 
et al. lfl8ll provide a pedagogical introduction to this concept 
and the field of multi-scale modeling in biology, while Sloot 
et al. [19 1 provide an extensive prior review of multiscale 
modeling in computational biomedicine. In addition, Dada et 
al. Il20l give a general overview of the multiscale modeling 
projects in biology. The developments in this domain have 
led to the emergence of several multiscale coupling tools, 
such as GridSpace (dice.cyfronet.pl/gridspace) and MUS- 
CLE (www. irmb.bau . tu-bs . de/muscle/) . 

The Virtual Physiological Human (VPH) Initiative is a 
large and active community in the multiscale computing 
domain, which has received substantial support throughout 
the EU 7th framework program ICT-VPH. Multiscale simu- 
lations and models are of fundamental importance within the 
VPH. VPH-like activities are represented in Europe (VPH- 
NoE, www.vph-noe.eu), USA (IMAG and the Multi-scale 
Modeling Consortium, www.imagwiki.nibib.nih.gov), Japan 
(e.g. the group of Himeno at RIKEN, www.riken.jp/engn/r- 
world/research/lab/rpcs/) and world-wide in terms of the 
Physiome project ED (www.physiome.org). 

C. Energy 

The need for multiscale simulations in the energy domain 
has been identified by a number of groups (e.g., 11221 ). Within 
the EU hundreds of researchers participate in modeling 
present fusion devices and preparing for modeling ITER 
(www.iter.org) and its successor the DEMOnstration Power 
Plant (DEMO). These models are often multiscale in nature, 
and require coupling dozens of different submodels, each 
of which resolves different physical aspects on a different 
spatial scale. Several tools emerged that assist in coupling 
fusion applications, such as the Universal Access Layer 
(UAL [23]), the Framework Application for Core-Edge 



Transport Simulations (FACETS, www.facetsproject.org) 
and the Integrated Plasma Simulator (cswim.org/ips/). Much 
of the effort within Europe centers around the EFDA Task 
Force on Integrated Tokamak Modeling (www.efda-itm.eu), 
where for example they use multiscale methods to model 
the lifetime of fusion reactor materials. Additionally, the de- 
velopments in the GriPhyN high energy physics computing 
project (www.griphyn.org) resulted in a generalized toolkit 
for workflow-style multiscale simulations (Swift [24|). 

D. Engineering 

The engineering domain comprises numerous multiscale 
projects. Example efforts aiming at multiscale modeling 
include the FLOMANIA and DESIDER projects (25), __>) 
in the aeronautics domain, research on multiscale methods 
for non-equilibrium physics l27l . investigations on catalysis 
and reaction engineering |28"1 . 11291 , stochastic simulations 
of kinetic theory models [30 1 and the coupling of atomistic 
and continuum methods in hydrology |[3"T1 . ll32l . Addi- 
tionally, several universities have set up centres for multi- 
scale modeling and simulation, such as Stanford University 
(me.stanford.edu/research/multiscale.html) and Carnegie- 
Mellon University (www.ices.cmu.edu/cm2em/). The Inter- 
national Journal of Multiscale Computational Engineering 
(www.begellhouse.com/journals/61fdlbl91cf7e96f) is a new 
journal dedicated to multiscale simulation. Additionally, 
a general review of multiscale simulation in science and 
engineering is provided in __. 

E. Environmental science 

Environmental science is intrinsically multiscale and 
multi-process, ranging across topics such as ecology studies, 
climate modeling, geosciences and hydrology. There is a di- 
verse collection of multiscale projects within this domain, in- 
cluding hydrology simulation [33], weather forecasting [34|, 
11351 . climate modeling [36| and disaster prediction ll37l . 
Klein et al. [38] provide a broad review of multiscale (fluid 
dynamics) methods in metereology. Researchers within this 
domain have also developed several general-purpose toolk- 
its, such as the Model Coupling Toolkit [39|, the Pyre 
framework [40) (www.cacr.caltech.edu/projects/pyre), Open- 
PALM (www.cerfacs.fr/globc/PALM_WEB), OASIS gj] 
and OpenMI _f2| 

The European Network for Earth System Modelling 
(www.enes.org) is a large consortium focused on develop- 
ing of a European network for Earth system (multiscale) 
modeling. The ENES consortium has helped to establish the 
ENSEMBLES project (ensembles-eu.metoffice.com), where 
a consortium of 70 partners use multiscale ensemble simula- 
tions, varying across temporal and spatial scales, to simulate 
the Earth system for a range of applications. These include 
climate predictions, as well as the resolution of physical, 
chemical, biological and human-related feedback processes. 



This Earth system also includes water resource and land use, 
air quality issues, as well as carbon cycle feedbacks. 

F. Materials science 

Materials science applications are inherently multiscale. 
The macroscopic level may be the one in which we can see 
and interact with materials, but the interactions that define 
the properties of many materials occur on the microscopic 
level. Linking our understanding of the physical world at 
very short scales with the observable behaviour at the macro- 
scale is a major focus within this area of science, and the ap- 
plications are extremely varied. The topics covered in these 
projects range from multiscale modeling of radiation damage 
(e.g., RADINTERFACES ___) to modeling of multilayered 
surface systems (e.g., M3-2S fl4l ) and the modeling of 
porous materials B31 . multiscale heterogeneous modeling 
of solids ||46l . The book by Attinger and Koumoutsakos 
comprehensively presents a large number of projects within 
the materials sciences _Q. 

Additionally, MMM@HPC (www.multiscale- 
modelling.eu) is an ongoing EU project which develops 
infrastructure and software for multiscale materials 
modelling. An example of distributed multiscale materials 
modeling is the clay-polymer nanocomposites application 
within the MAPPER project 11471 (www.mapper-project.eu), 
a project which features multiscale applications from a 
wide range of domains. We have not found any coupling 
frameworks within this domain, but there is at least one 
public tool, VOTCA (www.votca.org), which facilitates the 
process of converting data from atom-level simulations to a 
larger and more coarse-grained level. The book by Attinger 
and Koumoutsakos presents a large number of projects in 
the materials sciences as well __. 

G. Other domains 

One other area which features a large number of multi- 
scale simulations is the scientific domain of fluid dynamics. 
Active areas of multiscale research include the application of 
hybrid multiscale algorithms to model complex fluids [48 1, 
__0, 11491 . multi-physics approaches to bio fluid simula- 
tions [50 1 and multiscale analysis of magnetorheological 
fluids [51 1. Additionally, both the International Journal of 
Multiscale Computational Engineering [52| and the Jour- 
nal of Multiscale Modelling [53 1 contain many multiscale 
research articles within this field. 

The multiscale modeling and simulation efforts within 
fluid dynamics frequently take place within the context of 
other scientific domains, such as biology in the case of blood 
flow simulations, and environmental science in the case of 
oceanic simulations. To accomodate this, we have not sought 
to treat fluid dynamics as a separate domain, but prefer to 
categorize the projects in accordance with their application 
domain. 
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Figure 1. Examples of a acyclically (left) and two cyclically coupled 
(middle and right) multiscale models. Submodels are indicated by blue 
boxes, and data transfers by arrows. On the right we provide a cyclically 
coupled model where the submodels are executed concurrently. The con- 
current execution is frequently managed by a software tool that supports 
cyclic coupling, which we indicate there with a yellow ellipse. 



Overall, the six domains described in this work represent 
major areas where multiscale simulations are frequently 
applied. Having performed an extensive search, we did find 
a number of multiscale projects outside these domains. The 
vast majority of these projects concern theoretical mathe- 
matical modeling of multiscale problems, and only indirectly 
relate to the other scientific fields in our survey. 

III. Review of multiscale communities 

In this section we describe some key characteristics from 
several multiscale communities. The main purpose of this 
comparison is to find common aspects between different 
communities and multiscale coupling tools, and to identify 
potential areas for systematic and reusable approaches for 
multiscale simulation. Within this paper we distinguish 
between two multiscale simulation methods: acyclically cou- 
pled simulations and cyclically coupled simulations. Acycli- 
cally coupled simulations are applications where subcodes 
are run, producing results which in turn are used as input for 
the execution of a subsequent subcode. The most character- 
istic aspect of acyclically coupled simulations is that there 
are no cases where two or more subcodes are mutually de- 
pendent of each other during execution. Cyclically-coupled 
simulations do have this mutual dependency, and require at 
least some of the subcodes to be either run concurrently or in 
alternating fashion as they are mutually dependent. We show 
several schematic examples of multiscale models, both using 
acyclic coupling and cyclic coupling, in Fig. Q] 

We provide an overview of the current state of multiscale 
computing in six scientific domains in Table |T] All these 
domains feature at least several projects where parallel 
simulation codes have been applied to construct multiscale 
simulations. Geographically distributed multiscale simula- 
tions are less common, although we did find at least one 
example for five of the six domains. Distributed multiscale 
simulations are slightly more common in the biology do- 



main, with three disjoint applications being present within 
the MAPPER project alone. 

We provide a schematic graphical overview of the spatial 
and temporal scales commonly adopted by different commu- 
nities in Fig. |2] Each research discipline has a unique range 
of spatial and temporal scales, with for example quantum 
mechanical simulations in the materials sciences operating 
on the smallest scales and cosmological dark matter simula- 
tions on the largest scales. The time and space scale range of 
each discipline is given respectively by the visually observed 
height and width of the corresponding parallelograms. Here, 
relatively small parallelograms (as is the case for mechanical 
engineering and environmental science) point to a higher 
probability of overlapping scales between subcodes within 
those disciplines. When spatial and temporal scales between 
subcodes overlap, cyclic interactions between submodels are 
essential to obtain an accurate result, and it becomes difficult 
to accurately model the system using acyclic coupling alone. 
More information on the consequences of overlapping spa- 
tial and temporal scales can be found in Hoekstra et al. 0). 

When we compare different disciplines, we observe a 
roughly linear trend between the temporal scale and the 
spatial scale of multiscale simulations. This correlation is 
to be expected as shorter-range interactions tend to operate 
on shorter time scales as well. We also observe that phe- 
nomena within a spatial range between 10~ 3 m and 10 3 m 
and a temporal range between 10 1 s and 10 5 s are commonly 
addressed in a large number of scientific disciplines. 

This region of overlap may be of particular interest when 
opting for interdisciplinary approaches or reusable multi- 
scale simulation tools. Additionally, when a particularly high 
accuracy is required within a simulation operating on these 
overlapping scales, it may become increasingly important 
to incorporate phenomena from other overlapping scientific 
disciplines, given that these phenomena are sufficiently 
proximate. 

A. Prevalence of multiscale research 

To gain some understanding of the size of existing multi- 
scale research communities we have explored several project 
data bases from large funding agencies. These include the 
European Community Research and Development Informa- 
tion Service (CORDIS), as well as the project databases 
of the National Institute for Health (NIH), the Department 
of Energy (DOE) and the US National Science Foundation 
(NSF). We found the projects by first selecting on the 
presence of the words 'multiscale' and 'multi-scale' in the 
project database. For DOE and NIH, we only selected 
projects that have these phrases directly in the title, while 
we also searched the abstracts in the case of CORDIS and 
NSF. 

Once we selected the projects, we removed any projects 
with identical titles, as these are often continuations of the 
same project in the previous year. Also, we eliminated any 



Scientific Domain 


Astrophysics 


Biology 


Energy 


Engineering 


Environmental 


Materials 


Distributed multiscale? 


few 


some 


few 


unknown 


few 


few 


Acyclic coupling? 


some 


some 


some 


most 


many 


most 


Cyclic coupling? 


most 


most 


most 


some 


many 


some 


Dominant style of coupling 


D 


G 


G 


unknown 


D&G 


S&D 



Table I 

Assessed characteristics of the six multiscale simulation domains, based on the literature we have found. In the last row we 
list the main style of submodel coupling used in these disciplines. here we indicate domain-specific coupling solutions with a 
"d", general-purpose domain-independent solutions with a "g", and collections of hand- written scripts with an "s". due to 
the commercial nature of many engineering multiscale projects, we are unsure about the dominant style of coupling or the 

presence of distributed multiscale simulations in that domain. 
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Figure 2. Overview of the spatial and temporal scales in which typical (multiscale) simulations in several scientific domains operate. Each domain is 
represented as either a colored or a hatched parallelogram. 



project that did not describe explicit multiscale modeling 
or simulation in its abstract. We found over a thousand 
multiscale simulation and modeling grants, which range 
from multi-million euro international projects to awards 
for individual post-doctoral researchers. We provide an 
overview of these projects by scientific domain in Fig. [3] and 
by starting year in Fig. [4] The statistics presented here are 
by no means exhaustive, as we only searched for explicit 
mentions of multiscale and did not investigate nationally 
funded projects in the EU, US-based projects funded by 
other organizations or projects outside both the EU and the 
US. Our results should therefore be interpreted only as a 
rough indication of the multiscale community as a whole 



and as a lower bound on its size. 

In Fig. [3] we find that most multiscale projects reside 
within the domain of biology and materials. Although there 
are several multiscale frameworks available in astrophysics, 
the number of EU projects in this field of research is quite 
low. This is most likely because international collaboration 
within theoretical astrophysics tends to focus on more in- 
formal international collaborations and national sources of 
funding. 

In Fig. |4] we find that the first multiscale projects emerged 
in the late 90s, and that the number of these projects in the 
EU has gradually increased in recent years. The number 
of multiscale US-based projects peaks in 2009, but has 
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Figure 3. Overview of multiscale projects by scientific domain. We 
obtained the data from the EU CORDIS database (cordis. europa.eu), the 
National Institute of Health (projectreporter.nih.gov), the OSTI database of 
the Department of Energy (www.osti.gov) and the US National Science 
Foundation (www.nsf.gov) 
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Figure 4. Overview of multiscale projects by starting year. We did not 
find any EU Framework project (multiscale or otherwise) which started 
in either 1999 or 2007. Additionally, we found no projects in the DOE 
database which were starting in 2010 or 2011. 

diminished in the last few years. This is in part because 
the DOE database contains no projects starting after 2009 
(multiscale or otherwise) and in part because the US Federal 
Government made a one-time major investment in scientific 
research in 2009. As most projects often last three years or 
more, we estimate that there are more than 300 multiscale 
projects. 

B. Coupling frameworks for multiscale simulation 

We provide a classification of the coupling frameworks 
for multiscale simulation in Table [II] Here we provide 
information on whether the tools features a generic imple- 
mentation, intended to be re-used in other domains, what 
types of coupling are supported, and whether the tools allow 
for multiscale simulations run distributed across multiple 
computational sites. Allowing the distributed execution of 
multiscale simulations is beneficial, because the subcodes 



within each simulation may have heterogeneous resource 
requirements (e.g., some subcodes may need larger com- 
pute resources than others, or require nodes equipped with 
specialized hardware). 

In general, we discern several distinct strategies regarding 
coupling. Perhaps the most traditional strategy of multiscale 
coupling is by developing hybrid codes which cover a set 
of scales within a single simulation code. These monolithic 
codes are generally restricted in their modularity and ex- 
tensibility. These limitations, combined with the ongoing 
increase in available compute capacity, have led to a change 
in coupling strategies and the emergence of more flexible 
multiscale coupling methods. However, the way these strate- 
gies have changed is clearly not uniform across scientific 
domains. 

For example, in the astrophysics and energy domains 
we observe a focus on reusable domain-specific coupling 
solutions (e.g., AMUSE and IPS), while in biology and 
environmental science, the coupling tools developed are 
generalized in several instances (e.g., MUSCLE and Open- 
PALM). By generalizing their coupling frameworks, these 
groups allow their tools to be adopted by researchers in 
other fields. Researchers in the materials sciences only 
rarely adopt coupling frameworks, and choose to build their 
(often acyclically coupled) multiscale simulations either by 
employing inherent multiscale capabilities within molecular 
dynamics codes (e.g., by using a "replica exchange" method 
to model a range of temperatures) or connecting simulations 
using (often handwritten) pre- and post-processing scripts. 
In a few instances, however, they do rely on data conversion 
libraries such as the VOTCA toolkit. 

In Table [III] we provide a basic comparison of important 
functionalities for multiscale simulations offered by the 
various coupling frameworks. One of the core functionalities 
of coupling tools is simplifying access to subcodes by 
introducing abstractions for the user. All tools that we 
investigated provide this abstraction on the data level, and a 
number of tools present standardized interfaces to function 
calls of individual types of subcodes. The latter functionality 
is useful because it allows the user to switch solvers in 
a multiscale simulation with only minor changes in the 
simulation definition. 

Another essential functionality in coupling frameworks 
is the ability to facilitate data exchange between subcode 
endpoints and to bootstrap subcodes which are meant to 
be run concurrently. OpenMI and UAL are mainly intended 
to improve model access and provide abstractions, and rely 
on other tools to provide the coupling on a technical level. 
The GridSpace engine does not inherently allow for boot- 
strapping concurrently running subcodes, but the user can 
launch applications that use cyclic coupling by combining 
GridSpace with a second coupling tool (e.g., MUSCLE). 
When using coupling frameworks, users are expected to in- 
terface to them using common programming languages such 



as C, Java or Fortran in most cases. The Swift environment 
presents a custom-language scripting interface similar to C, 
while both OpenPALM and GridSpace present a graphical 
interface to the user. 

Overall, most coupling frameworks we have reviewed here 
provide a wide range of functionalities, and can often be 
used without supplementary tools to construct multiscale 
simulations. The MUSCLE, OpenMI, Swift and UAL tools 
have a more specific scope or are not exclusively aimed at 
multiscale modelling. As a result, these tools provide a sub- 
set of the functionalities required for multiscale simulation. 

Using a single heavyweight and domain-specific frame- 
work for multiscale simulations is often convenient for the 
user in the short term, but it comes with several drawbacks 
on the longer term. First, although it is often straightforward 
to switch between different solvers within these all-in-one 
coupling frameworks (sometimes it is as easy as replacing 
a single line of code), it is often much more difficult to 
switch from one coupling framework to another. This may 
be necessary if an existing framework becomes outdated, 
or if the subcodes within that framework need to be reused 
outside of the source domain. By constructing and adopt- 
ing formalizations for defining multiscale coupling patterns 
(such as MML [54|), we are able to diminish this drawback 
and improve the portability of multiscale simulations and, 
for example, allowing them to be more easily moved to a 
different framework if the existing one becomes obsolete. 

Another drawback of using traditional all-in-one ap- 
proaches is that any new computational improvements in 
multiscale coupling (such as more powerful data abstrac- 
tions or improvements in the data exchange performance 
between subcodes) may have to be applied separately to each 
framework to be used to full effect, resulting in duplicated 
integration, or even implementation, efforts. This is a major 
concern in any large software project, which among other 
things can be mitigated by strictly enforcing modularity 
in the framework design (given that the developers of the 
underlying components use standardized APIs that remain 
consistent over time). 

IV. Discussion and Conclusions 

We have reviewed a number of multiscale communities 
and compared them across a range of criteria. The number 
of multiscale projects has been increasing in recent years so 
that today there are numerous large multiscale projects in a 
range of scientific domains. The increase in the number of 
multiscale projects also implies a growth in the potential 
benefit that can be gained by developing common and 
reusable multiscale methods. 

The different multiscale communities tend to adopt rad- 
ically different technical approaches and possess diverse 
organizational characteristics. Within biology and energy, a 
considerable fraction of the multiscale projects are bundled 
in large international initiatives, while the multiscale projects 



within astrophysics and materials sciences are often driven 
by much smaller collaborations. On the technical level, 
researchers in the astrophysics and energy domains clearly 
prefer to use domain-specific frameworks to couple their 
subcodes, while researchers in biology and environmental 
sciences have a stronger inclination towards general-purpose 
coupling tools. The numerous projects in the materials 
sciences adopt yet a different approach, and frequently con- 
struct multiscale simulations by connecting codes with hand- 
written scripts. The vast majority of multiscale simulations 
are run on single sites, though a small number of projects 
recently started to explore the use of distributed multiscale 
simulations, where individual subcodes are deployed and 
run on different computational sites. Considering the hetero- 
geneity in computational requirements of various subcodes, 
distributed multiscale simulation may be the only way to 
efficiently run production level multiscale simulations in 
many cases. 

In our analysis of scales simulated by different multiscale 
computing communities we find a distinct overlap in the 
scales upon which the simulations in these domains operate. 
In particular many research domains feature simulations on 
a length scale of about a meter and a time scale of a 
few hours. As a result, general-purpose multiscale methods 
which are geared towards this scale may be particularly 
suitable for reuse by a wide range of scientific disciplines, 
and phenomena operating on these scales in one domain may 
be of non-negligible relevance to others. 

It is clear that a uniform strategy for multiscale sim- 
ulations has yet to emerge, and that different domains 
have adopted relatively disjoint approaches so far. Never- 
theless, multiscale simulations are becoming increasingly 
widespread to the point where there are at least a few 
hundred active projects in the EU and the US alone. 

It is beyond the scope of this review to pronounce on 
the benefits of pursuing domain specific approaches versus 
general purpose approaches for accelerating the progress of 
multiscale communities. However, based on the findings we 
presented here, we can clearly conclude that it is high time 
for such an inter-disciplinary debate to be opened. 
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the framework altogether. 
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Table III 

Overview of the functionalities provided by the coupling frameworks . Tools which provide a coupling abstraction using the 
Multiscale Modeling Language |54:| are marked with an asterisk in the second column. 
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